We report a technique to measure the mid-infrared photothermal response induced by a tunable quantum cascade laser in the neat liquid crystal 4-octyl-4 0 -cyanobiphenyl (8CB), without any intercalated dye. Heterodyne detection using a Ti:sapphire laser of the response in the solid, smectic, nematic and isotropic liquid crystal phases allows direct detection of a weak mid-infrared normal mode absorption using an inexpensive photodetector. At high pump power in the nematic phase, we observe an interesting peak splitting in the photothermal response. Tunable lasers that can access still stronger modes will facilitate photothermal heterodyne mid-infrared vibrational spectroscopy. Photothermal spectroscopy has rapidly emerged as the most sensitive label-free optical spectroscopic method, rivaling even fluorescence spectroscopy. The method has been shown to be remarkably sensitive in the visible region of the spectrum with reports of yoctomole sensitivity, eventually culminating in the observation of single molecule response 1, 2, 28 at room temperature. This unexpected sensitivity has led to rapid development of photothermal methods in the visible region, both for spectroscopy [3] [4] [5] and for imaging nanoparticles and organelles with high signal-to-noise ratio. 6, 7 Extension of the photothermal technique to the midinfrared region is particularly attractive because the presence of a large number of characteristic normal modes of molecules in the so-called "fingerprint" region of the electromagnetic spectrum allows for spectroscopy and imaging without requiring a perturbing label. The standard instrument of choice for vibrational infrared spectroscopy remains Fourier transform infrared spectroscopy (FTIR) using cryogenically cooled detectors along with a $1200 K Globar blackbody source. But the lack of table-top stable high brightness sources and a fundamental quantum limit on the detectivity of broadband cryogenic mid-infrared detectors has translated to a lack of progress: the state-of-the-art 8 has not advanced significantly in several decades. Detection of the absorption of infrared radiation is still performed using narrow band-gap cryogenically cooled detectors made of indium antimonide (InSb) or mercury-cadmium-telluride (MCT), 8 which both are intrinsically less sensitive than the best available visible photodetectors. With the advent of tunable quantum cascade lasers (QCLs) as table-top high brightness sources, there is now hope of a rapid transformation in the field of midinfrared spectroscopy. 9, 10 The spectral brightness of these table-top QCL sources actually can exceed that of synchrotrons and other large relativistic electron-accelerator-based sources. 1 Very recently, Farahi et al. 11 have demonstrated a homodyne photothermal spectroscopy method for remote sensing. Our work 12 shows that photothermal heterodyne detection of absorption of a tunable Quantum Cascade laser source promises to out-perform conventional FTIR spectrometers.
In photothermal spectroscopy, 13 a modulated pump laser beam that is tuned to a selected absorption spectral band in a sample causes change in the scattered intensity of a probe beam. The probe beam typically differs in color, corresponding to a wavelength far from the absorption resonance. The observed probe scattering signal arises primarily from modulated change in the refractive index Dn due to localized heating by the pump beam. The change in the refractive index can be detected by measuring the modulated scattering intensity, which is proportional to (Dn) 2 in homodyne detection. The signal is phase locked to the modulation frequency of the pump beam using a conventional photodetector and a lock-in amplifier. We use photothermal heterodyne 7 spectroscopy to study the room-temperature liquid crystal 4-Octyl-4 0 -Cyanobiphenyl (8CB). Cyanobiphenyls form a well-studied class of liquid crystals, with rich phase behavior 14, 15 characterized by strong vibrational infrared absorption bands in the fingerprint region. 16 Our pump beam is a mid-IR QCL that can be tuned to a molecular normal mode that lies within the wavelength tuning range of the laser of 1830 cm À1 to 1990 cm
À1
. The probe beam is provided by a Ti:sapphire laser operating in CW mode at 800 nm. The 4-Octyl-4 0 -Cyanobiphenyl (8CB) liquid crystal sample was sandwiched between cleaned calcium fluoride (CaF 2 ) windows with 50 lm Mylar spacer. In the absence of rubbing or surface coating the molecular alignment is homogeneous, with no preferred direction at either . Fig. 1(c) shows the corresponding photothermal response on the same sample. The signal shown is the probe response from an inexpensive silicon photodiode plotted as a function of the mid-infrared QLC frequency. The photothermal signal, due to the weak mid-infrared combination mode, could be observed in the smectic, nematic, and isotropic phases of the 8CB liquid crystal.
The experimental setup is shown in Fig. 2(a) , illustrating a collinear two-photon pump-probe spectroscopy with the use of QCL as the pump heating beam with a center wavelength and Ti:sapphire as the probe beam. A mid IR QCL beam at 5.23 lm serves as the heating beam and a cw beam at 800 nm serves as a probe. The QCL beam is modulated with a mechanical chopper at 20 Hz frequency. Alternatively, the QCL may be operated in pulse mode, modulated up to 100 kHz with a maximum duty cycle of 5%. The two beams are collinearly combined using a dichroic mirror (DM) and focused coaxially into the sample by a zinc-selenide (ZnSe) focusing objective (NA ¼ 0.25). The mid-IR QCL Gaussian beam is focused into the sample with a beam waist diameter of 22 lm 6 3 lm. The Ti:sapphire probe has a beam waist diameter of 16 lm 6 3 lm. The transmitted beams are collected by a ZnSe lens. The pump and probe beams are separated using a second beamsplitter. They are focused onto an InSb liquid nitrogen-cooled detector and a Si-photodetector for pump and probe beam measurements, respectively. This set-up allows for comparison between direct mid-infrared detection and heterodyne photothermal detection in the same sample under identical conditions (Fig. 1) .
8CB liquid crystal undergoes well-known phase transitions, from smectic-A phase to nematic phase at 306.5 K and from the nematic phase to isotropic phase at 313.5 K.
18-20 A representation of the molecular orientations for each phase studied is shown in Fig. 2(b) . In the smectic-A phase, the molecular long axis is perpendicular to the plane of layers. In the nematic phase the molecules align along an average direction. Above 313.5 K, 8CB liquid crystal is in the isotropic phase, where the molecules do not have a specific orientation. The QCL mid IR laser beam was tuned at the absorption peak of the sample and the output power was varied from 40 mW to 65 mW. Losses at the beamsplitters and coupling optics resulted in an estimated incident intensity on the sample of $1. 100 mW in the cw mode, with the estimated probe intensity at the sample of $2 Â 10 4 W/cm 2 . The base temperature of the sample is controlled using a circulating water bath, and it can be varied for the initial temperature of the sample to be set in any of the desired liquid crystal phases. When the 8CB sample is illuminated with the QCL mid-IR source, a local transient temperature jump is induced at the focused spot leading to the photothermal response shown in Fig. 3(a) for all the phases. Prior studies have demonstrated the utility of the photothermal effect in dye-doped liquid crystals 21 and shown important guest-host interactions between the dye and the liquid crystals. 22 A recent paper 23 used visible light absorption gold nanoparticles to show enhanced photothermal response due to thermotropic transitions in a 5CB liquid crystal sample. Our work reports on the direct photothermal excitation of mid-infrared vibrational normal modes in the liquid crystal molecules. Figure 3 shows the mid-infrared photothermal response in the solid, smectic-A, nematic and isotropic phases. The initial temperature on the sample was controlled with a liquid chiller/heater and the temperature was varied from 13 C to 55
C. The mid-infrared photothermal response increases linearly as the 8CB sample base temperature is increased from 13 C to 35 C as shown in Figs. 3(b) and 3(c). In the solid phase, Fig. 3(b) , and in the smectic-A phase, Fig. 3(c) , the photothermal signal increased linearly and the peak shape was unchanged as we increased the temperature. The photothermal response also increased linearly in the nematic phase, but it remained constant in the isotropic phase as shown in Fig. 3(e) . As we approached the isotropic region, however, the shape of the photothermal signal changed. Here we observed peak splitting effect, which is shown in Fig. 3(d) . The photothermal response for all the studied phases is shown in Fig. 3(a) .
Apparent peak splitting in nonlinear photothermal and photoacoustic spectroscopy of nanoparticles in the visible region previously has been reported by Zharov, 24 where the effect was attributed to reduced scattering from "nanobubbles" caused by laser heating. Optical scattering from thermally generated clusters 24 reduces the photothermal response in the nonlinear regime. Such a mechanism for peak splitting is expected to hold for mid-infrared photothermal spectroscopy as well. This reduced signal is expected to coincide with the peak of the infrared pump absorption, i.e. at 1912 cm
, as shown in Fig 3(d) . The microscopic mechanism for bubble or cluster generation, and the scattering cross-section, varies from sample to sample. At high input power, a central volume near the focal spot of the liquid crystal sample in the nematic phase may be photothermally excited into the isotropic phase, resulting in the formation of clusters of the isotropic phase in a cooler nematic environment. Alternate mechanisms may include nonlinear variation in the dielectric response, from dimerization 25 or a change in the order parameter. 26 Refinement of a quantitative nonlinear model will allow for the microscopic mechanism behind the observed peak splitting to be clarified. The observed peak splitting phenomenon shares some general aspects of spectral hole burning, 27 but the approach is qualitatively different. In classical hole burning, the imaginary part of the dielectric function at the probe frequency is altered (i.e., reduced absorption). In our case the real part of the dielectric response at the probe frequency, related to the refractive index, is altered. In support of this hypothesis, we note below that the spectrum measured by the cryogenic infrared detector does not show peak splitting; only the scattered photothermal response does. At high power, in the nonlinear regime near phase transitions, the photothermal response shows features not observed in linear FTIR spectroscopy.
Detailed simulations of this effect will be reported elsewhere. To verify that the signal is indeed due to the photothermal response, we measured the FTIR absorption by varying the temperature on the 8CB liquid crystal sample as shown in Fig. 4(a) . We looked at the combination band in the IR absorption spectra at 1912 cm
. As we increased the temperature well in the isotropic phase, we observed no peak splitting effect. Within each phase, the area under the absorbance peaks decreased as we increased the sample temperature as shown in Fig. 4(b) . This decrease in integrated area arises most likely from a change in molecular orientation correlated to the order parameter, but additional studies are needed to quantify the correlation. We observed a change in slope at the nematic-isotropic phase transition boundary, consistent with the differential scanning calorimetry (DSC) measurements. At high laser power incident on a sample poised just below the phase transition temperature, the photothermal signals can be extremely sensitive and nonlinear, leading to observed differences from linear FTIR spectroscopy. Taken together, our work suggests that linear photothermal infrared heterodyne detection can map infrared spectral features consistent with FTIR within a given phase.
In conclusion, we report the detection of a mid-infrared spectrum using photothermal spectroscopy. As an illustration, we report on the observation of a mid-infrared photothermal signal in a liquid crystal sample near room temperature. The method allows for detection of mid-infrared absorption without using expensive cryogenic detectors.
The Boston University portion of this work was sponsored by NIH Grant number 1 R21 EB013381-01, and NSF I/UCRC Grant number NSF IIP-1068070. The Lincoln Laboratory portion of this work was sponsored by ASD R&E under Air Force Contract FA8721-05-C-0002. Opinions, interpretations, conclusions, and recommendations are those of the authors, and do not necessarily represent the view of the United States Government . FIG. 4. (a) Dependence of 8CB liquid crystal absorbance on the sample temperature, by FTIR spectroscopy at 4 cm À1 resolution. The smectic-A absorptions peaks are shown in blue, the nematic phase in green and the isotropic phase in red. (b) Integrated area under the absorbance peaks varying the temperature on the 8CB liquid crystal sample. Smectic-A phase (blue region), Nematic phase (green region) and Isotropic phase (red region). DSC measurement on 8CB liquid crystal. Endothermic peaks show the phase transition temperature from Smectic-A (blue region) to Nematic (green region) at 33. 7 C and Nematic to isotropic (red region) at 40. 8 C.
